Introduction
Currently, pneumonia is the most common serious bacterial infection among children with fever presenting to primary or emergency care [1] . Pneumonia affects about 10-15 cases/1000 children/year, with a hospital admission rate of 1-4 cases/1000 children/year [2] [3] [4] . The diagnostic work-up of children with suspected pneumonia in the hospital may include inflammatory markers and a chest radiograph [5] [6] [7] . The challenge in first-contact settings is the identification and treatment of all children at a high risk of developing pneumonia, while minimizing unnecessary referral or admission, investigation, and treatment of the vast majority of children with cough and fever who have self-limiting respiratory illnesses [8] . Several studies have identified presenting symptoms or signs for the presence of pneumonia in children [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , but with high variations in the type and number of predictors. Few clinical prediction rules for pneumonia have been validated in populations or settings beyond the research setting used to derive them, which may explain their limited implementation in routine practice [25] .
In the continuing debate on the identification of febrile children at risk for pneumonia, we aimed to assess the predictive value of the symptoms and signs of pneumonia using three large independent pediatric emergency care populations. We developed and validated a clinical prediction rule to identify the presence or absence of pneumonia in children presenting with presenting symptoms of fever and cough to guide diagnostic triage in pediatric emergency care settings. suspected of having pneumonia, selected from three large prospective cohorts of children with fever attending emergency care. The diagnostic value of the predictors identified has been supported by a systematic search of previous diagnostic studies. Important predictors for pneumonia were identified from previous publications in PubMed from 2000 to 2011, using terms for respiratory tract infection, pediatric emergency/ambulatory care, and presenting symptoms/signs/fever, limited to 0-18 years.
Populations
Population 1 included 504 children with fever (i.e. rectal temperature Z 38.01C) and cough (self-reported or observed at examination) from a prospective study of 2083 consecutive children (1 month-16 years of age) presenting with fever to the paediatric emergency department of Erasmus MC-Sophia, Rotterdam, the Netherlands, in 2003-2005 [26] . Patients with immune deficiency, multiple handicaps, or a pre-existing pulmonary disease were excluded. The Erasmus MC-Sophia is an inner-city university hospital, and the emergency department provides emergency care to 10 000 children annually.
Population 2 included 420 children aged 1 month-16 years, with fever (axillary temperature Z 38.01C) and lower respiratory signs (cough, difficulty breathing, or wheeze) reported by the parents or documented by the triaging nurse; they were part of a prospective cohort study of 700 consecutive children with suspected acute infections recruited in 2005-2006 at the pediatric assessment unit at the University Hospitals Coventry and Warwickshire NHS Trust (UHCW), UK [27] . Children with underlying immune deficiency were excluded. UHCW is an inner-city hospital providing emergency care to 25 000 children annually. Population 3 included 366 children aged 1 month-16 years with fever (reported by parents or measured rectal temperature Z 38.51C) and acute breathing difficulty recruited in 2000-2001 as part of a prospective study of all children presenting to Queen's Medical Centre, Accident & Emergency Department, Nottingham, UK [28] . This is a tertiary hospital and a district general hospital, with 45 000 pediatric accident and emergency cases annually. Children with underlying immune deficiency, multiple handicaps, or admitted for resuscitation were excluded.
Ethics approval was obtained from the Erasmus MC Ethics Committee, Rotterdam, the Netherlands (population 1), and Nottingham University Ethics Committee (population 3): indication for patient informed consent was waived. For population 2, the Coventry Local Research Ethics Committee 04/Q2802/115 approved the study and patient informed consent was obtained.
Data and definitions
Being a pragmatic study, the clinical diagnosis of pneumonia was made in three ways [3, [26] [27] [28] . First, it was based on the reference standard of the presence of micronodular or macronodular infiltrations or consolidation in the lung on a chest radiograph. If a chest radiograph had not been performed, a 1-week noneventful follow-up period ruled out the presence of pneumonia requiring treatment. This was assessed by a follow-up consultation (visit or telephone) (population 1) or a check of the computerized medical record system for reattendance within 1 week (populations 2 and 3). Other diagnoses were made after an independent review of medical records or established by a consensus by researcher teams (H.A.M. and Dr Roukema for population 1 [29] , M.T. and N.C. for population 2, and M.L. and Dr Ray for population 3). In population 1, agreement of chest radiographs by two boardcertified radiologists blinded to clinical information was observed with a k = 0.64, 95% confidence interval (CI), 0.52-0.75. In population 2, a single radiologist, not blinded to clinical information, interpreted each chest radiograph. In population 3, the radiologist was blinded to clinical information and could consult a colleague if in doubt.
Data were retrieved from a standardized electronic patient record, developed for diagnostic studies in children with fever [30] (population 1), or from the standardized research patient forms (populations 2 and 3) at admission completed by pediatric emergency care nurses and pediatricians: general characteristics, reported and observed clinical symptoms and signs, and observed vital signs. Oxygen saturation levels were determined from cutaneous pulse oximetry; desaturation was defined as oxygen saturation less than 94% [31] . Ill appearance was assessed on the basis of clinical judgment in populations 1 and 3, and defined as a modified Yale score more than 6 applied by the nurse [32] in population 2. Tachypnea was defined by thresholds of abnormal respiratory rate for age [25, 27] , measured by a 1-min observation of chest wall movements. Data for vital signs were considered to be normal if not registered. White blood cell (WBC) count and serum C-reactive protein (CRP) were determined at the discretion of the attending physician. For missing values of WBC and CRP, we used multiple imputation of missing values and created five imputed data sets to incorporate the uncertainty of the imputation process into the final logistic regression coefficients of the prediction model [33, 34] . Assuming a 'missing at random' condition [33] , we included all candidate predictor variables, including our outcome variable 'pneumonia' and a number of relevant variables describing the case-mix of the patients [35] .
Analysis
We used SPSS software (version 15.0; SPSS Inc., Chicago, Illinois, USA) for data management and univariate analysis. We used the Design library [36] for R (version 2.3.1) for the imputation of missing values (aregImpute and fit.mult.impute functions), logistic regression analysis, bootstrap validation (validate.lrm function), and validation of models.
For comparison of descriptors of the case mix (referral type, symptoms and signs, management, and hospitalization) between the three populations and to explore associations of potential predictors with a pneumonia test in the three populations, we used the Mann-Whitney U-test and w 2 -test.
The contribution of candidate predictor variables toward the predictive performance of the multivariate model was assessed in population 1 by a stepwise backward selection of predictors (using Akaike's Information Criterion, equivalent to P < 0.157 for predictors with 1 d.f.) [37] . Regression coefficients from the five imputed data sets were combined using Rubin's rules for the derivation and validation of the model [38] . The discriminative value of the models was quantified using the C statistic, R 2 , and Brier's score [33] . The optimism-corrected performance of the original model was estimated by drawing 200 bootstrap samples with replacement as an internal validation technique [33, 39] .
The model's discriminative value (C-statistic) was validated in populations 2 and 3 and compared with population 1. We tested for differences in effects between the three populations by statistical interaction terms (interaction by cohort) [33] . Differences in the model's performance because of case-mix differences or predictor effects were interpreted using the case-mix-corrected performance, and the performance obtained by refitting the model in populations 2 and 3 [40] . Differences in predictor effects were assessed by fitting a logistic regression model in populations 2 and 3 with a linear predictor on the basis of the coefficients of the original rule as the only covariable (logistic calibration) [33] . Table 1 presents the general characteristics of the three patient populations included. Pneumonia occurred in a similar frequency in populations 1 and 2; in population 3, it was significantly less (7%; 95% CI 5-11%). The populations differed significantly in terms of age, temperature, ill appearance, markers of increased breathing effort, serum CRP, the use of laboratory tests, and hospitalization. CRP (being performed at the discretion of the clinician) was missing in about half of the children in populations 1 and 2, but more frequently in population 3 (89% missing).
Results
The literature search yielded nine predictors for the presence of pneumonia from 17 papers [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] as summarized in Table 2 (columns 1 and 2). Table 2 presents univariate analysis of the general characteristics and symptoms and signs for pneumonia in our three populations. Auscultatory findings were not available in data sets 1 and 2, and were therefore not included in the analysis. We observed similar univariate associations with pneumonia in all three populations, except for temperature (population 1 only). We could not confirm an association between pneumonia and age.
We identified the presence of ill appearance, tachypnea, and oxygen saturation less than 94% as independent predictors for pneumonia (Table 3) . A model including both WBC and CRP achieved a similar C statistic as that including only CRP. The optimism-corrected C statistic of the final model was 0.79 (Table 4 ). A subanalysis on complete cases with CRP only (n = 245, Table 3 ) identified similar predictors, but with reduced odds ratios (ORs), indicating the selection of high-risk patients on clinical information.
We did not observe a significant interaction in the three populations for clinical variables. The diagnostic performance of the final model was higher in populations 2 and 3 ( Table 4 ). In population 2, the performance was increased by case-mix differences (as case-mix-corrected performance was reduced, with similar refitted performance). In population 3, case-mix differences and predictor effects influenced performance (reduced cases-mix performance and increased refitted performance). This was confirmed by larger predictor effects in this population (logistic calibration slope = 1.2); the predictor effects in population 2 were similar to those in population 1.
The final model was translated into a clinical prediction rule on the basis of the presence of each feature. The use of one combined term for either tachypnea or desaturation into one predictor in the rule achieved similar discrimination than if included in the prediction rule as two separate terms. Assigning weighted scores on the basis of the value of coefficients of predictors in the rule did not improve discriminative value. As the focus of this rule was to identify low-risk patients for pneumonia in particular, we defined the final clinical rule as the presence of ill appearance plus presence of either tachypnea, desaturation, or both. Figure 1 shows the potential added diagnostic value of CRP to the diagnostic model. The risk of pneumonia increases with the number of predictors and with CRP. The contribution of CRP toward diagnostic and therapeutic management, however, differs for children with a low versus a high clinical risk. Children who appear well with a normal respiratory rate and oxygen saturation (identified by 'no symptoms' in Fig. 1 ) have a very low risk of pneumonia (5%; 95% CI 2-11%), and can be managed safely at home without further treatment or investigation, provided adequate safety netting is in place [41] . Children with fever and cough who appear unwell and have tachypnea or desaturation (identified by 'two symptoms' in Fig. 1 ) have a high risk of pneumonia (31%; 95% CI 23-39%); appropriate treatment should be started immediately without further investigation. In children with only one symptom present, a much less precise risk assessment is achieved (mean risk 13%; 95% CI 9-18% Fig. 1 , line identified by 'one symptom'). In these children, a CRP test contributes toward further classification of children at a higher risk for pneumonia (risk 22%; 95% CI 14-32% in those with one symptom present and CRP > 40 mg/l) and low risk (risk 8%; 95% CI 4-14% in those with one symptom present and CRP r 40 mg/l).
Comments
In this study of children presenting with fever and cough, we used existing diagnostic evidence to predict the presence of pneumonia from clinical characteristics available at the bedside. We combined knowledge of predictors for pneumonia from previous studies with the derivation and validation of predictors for pneumonia in three large populations. We found that a combination of clinical characteristics (ill appearance, tachypnea, desaturation) and serum CRP could reasonably predict pneumonia in children presenting with fever and cough.
The prediction rule could guide further clinical management following our opinion on the clinical management of different levels of risk for pneumonia. First, antibiotic prescribing should be targeted to children at a high risk of pneumonia to minimize antibiotic resistance in the community, and children should not undergo an additional blood or chest radiograph unless the result affects clinical management [42] . In some children with an estimated high risk for pneumonia, a chest radiograph may still be valuable if there is clinical concern regarding the presence of complications. Risk stratification is therefore helpful to identify children in whom the spatial application of CRP testing and chest radiographs has diagnostic value for clinical management. The second key principle is the importance of effective safety netting; that is, clear instructions on when to access the health system if the clinical presentation changes, for children who are not being treated, as no clinical prediction rule can achieve For populations 1 and 3 on the basis of clinical judgment, and for population 2, defined by Yale score more than 6 applied by the nurse. c On the basis of performance WBC or serum CRP. d Tachypnea was defined as a respiratory rate >60/min (age <2 months), >50/min (age 2-12 months), >40/min (age 12-36 months), >35/min (age 36-60 months), and >25 (age > 60 months) [25, 31] . e Mean (SD). *Variables with significant difference between populations (P < 0.05).
perfect sensitivity particularly when children present at different stages in the evolution of their illness [43] . One should note, however, that risk assessment for pneumonia (as was the aim of this study) is not similar to triage assessment, identifying those patients who require urgent treatment [44] . Considering the typical course of pneumonia, we believe that a watchful waiting approach is acceptable in 'low-risk' children, who have vital signs in the normal range. Safety-net advice to parents regarding when to seek further assessment should focus on breathing rate and the general appearance of illness [41] .
In general, external validation of research is essential before it can be incorporated into routine clinical practice [33] . In our study, we use information from previous research on potential predictors, and derive and validate a prediction rule for pneumonia in three large independent emergency populations. The difference in the observed association between predictors and pneumonia in the populations shows how clinical features are elicited and understood in different ways and underlines the necessity to validate prediction rules. The preserved discriminative value of the final model in three separate populations from different countries indicates the robustness of our findings. The three independent populations from different European settings showed differences in descriptors of the case-mix and hospitalization rate. These differences were not consistent, suggesting that one population comprised a more severely ill group of patients than the other (e.g. population 2 showed higher ill appearance, whereas population 3 showed more tachypnea and desaturation). In addition, there were differences in the definition of variables, such as the definition of 'ill appearance' and the mode of temperature measurement. Temperature was used to define the presence of fever in the inclusion of children only, and was not evaluated as a predictor for pneumonia. We did not observe an interaction by cohort for 'ill appearance'. A review of the diagnostic value of clinical features to identify serious infections in children evaluated different definitions of 'ill appearance' and found similar results [45] . Not all identified predictors were available in all three data sets [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Therefore, we could not assess the diagnostic value of auscultation findings or procalcitonin for example. The interobserver agreement of auscultatory findings (i.e. crackles, wheeze), however, is reported to be low [46] , and procalcitonin is not yet widely available.
In keeping with current guidelines and consistent with many previous studies on pneumonia [11, 15, 16, 19, 20] , a chest radiograph was the reference test for pneumonia. Being a pragmatic study, however, radiography was performed at the discretion of the physician in 22-33% of patients, with a positive rate of 33-49%, similar to previous studies [11, 19] . Although the same predictors were identified, a subanalysis including a selection of our population with chest radiographs only showed reduced diagnostic value of predictors, and did not result in a prediction rule applicable to the general population of children suspected of having pneumonia [47] . Inevitably, misclassification may have arisen as chest infiltrates may be found in patients with viral pneumonia, whereas radiographs may be negative in early bacterial pneumonia [42] , but this would have resulted in a lower estimation of the models' ability to predict pneumonia. As CRP testing was performed at the discretion of the clinician, there were missing values. For efficiency, we favored imputation techniques [34] . We hypothesize that the regression coefficients are not biased, but may only be imprecise if we carry out a complete case analysis. In addition, the performance of the model may be lower if a more restricted population is analyzed, with a smaller spectrum of underlying risks [40] .
For this particular diagnostic study, we selected patients with fever and cough from three cohorts of febrile children. All three studies underlying the three cohorts were diagnostic studies, with prospective data collection at that time, and standardized documentation of patient characteristics at the time of patient evaluation, before the final diagnosis, was ascertained. Our selection criteria were based on the initial presentation of fever and cough, which were included in the initial patient assessment. Therefore, we believe that selection of the group of patients with fever and cough was valid for this diagnostic study [48] .
Our prediction rule shows some but not complete similarity to other derived prediction rules for pneumonia in febrile children [11, 12, 16, 22, 23] . In contrast to those other rules, we validated the rule in two independent populations, supporting its robustness. We did not observe an association for age and pneumonia [12] , nor was age related to any other variables in the rule, except for 
One symptom
Predicted risk for pneumonia on the basis of the C-reactive protein (CRP) values and clinical score in population 1 (n = 504). Clinical score is computed by assigning 1 point for ill appearance and 1 point for the presence of tachypnea or desaturation. Ill appearance was assessed on the basis of clinical judgment; tachypnea was defined as a respiratory rate >60/min (age < 2 months), >50/min (age 2-12 months), >40/min (age 12-36 months), >35/min (age 36-60 months), and >25 (age > 60 months) [25, 31] . No symptoms present = 0 points, one symptom present = 1 point, two symptoms present = 2 points on the risk score. Point strip at the top of the figure indicates the density of cases corresponding to CRP values.
the respiratory rate. This may be a result of the young overall age of our study populations (median age 1.6-2.3 years). The model's discriminative value did not differ for children grouped by age (age <1, 1-2, 2-5, and >5 years). As in several previous studies [11, 19, 46] , tachypnea was a strong independent predictor of pneumonia in our study (OR 2.9; 95% CI 1.6-5.9). Crucially, however, its absence did not rule out pneumonia. As identified previously [18, 22, 23] , the duration of fever was an independent predictor; a duration less than 48 h in the absence of other risk factors identified children with a low risk of pneumonia (OR 1.4; 95% CI 1.2-1.6/day) in population 1. The duration of fever did not affect the diagnostic value of CRP. This information could be useful in planning a scheduled follow-up visit in safetynetting protocols. As information on the duration of fever was not available in the other populations, however, we could not confirm these results. The applied cut-off CRP 40 mg/l or less was suggested by Fig. 1 , and follows the systematic review of CRP [49] .
Conclusion
A simple clinical decision rule, on the basis of an overall assessment of illness, tachypnea, oxygen saturation, and CRP, provides a useful triage tool to determine the probability of pneumonia and to guide the decision on a chest radiograph. Serum CRP contributes toward the prediction of probability in children with an intermediate risk of developing pneumonia, in particular. Children with fever and cough, who appear healthy, with normal breathing rates and oxygen saturation, do not need antibiotics or chest radiographs and can be discharged safely with effective safety-netting advice on readmittance.
